suspended in 0.1 M NaCl is not a suitable model by which to obtain the myosin denaturation rate in frozen fish meat.
Introduction
Fish myosins are known to be relatively unstable, and myosin denaturation generally affects the quality of fish meat and meat-based products, such as frozen surimi. The unstable nature of walleye pollock myosin is overcome by adding sugar or sugar alcohol as chryoprotectant [1] . Consequently, frozen surimi maintains its gel-forming ability for at least for 1 year when stored at about −20 °C. Frozen fish fillets are distributed worldwide. Many published studies have explored the denaturation of myosin in various substances during freezer storage, including salt-dissolved actomyosin, myofibrils (Mf), and fish fillet [2] [3] [4] [5] [6] [7] [8] [9] . Among these materials, Mf is the most popular experimental material because it maintains an intact arrangement of myosin and actin filaments and can be handled very quantitatively in solution. For example, Matsumoto and Arai quantitatively studied the suppressive effect of various types of organic compounds, including sugars and sugar alcohols, on myosin denaturation during freeze storage using various concentrations of Mf suspended in 0.1 M KCl [4] . Azuma and Konno studied myosin denaturation by monitoring various properties of myosin during frozen storage of carp Mf and found that myosin denaturation caused by frozen storage was different from that caused by heating. Takahashi et al. assessed the myosin subfragment-1 (S-1) of carp as a model material [10] and reported relatively less severe damage to S-1 molecule during freezing than when Abstract Myosin and actin denaturation (0.1 M NaCl, 20 mM Tris-HCl, pH 7.5) of tilapia myofibrils (Mf) during frozen storage at −10, −20, and −40 °C was studied. Ca 2+ -ATPase inactivation was rapid at −10 °C but very slow at −20 and −40 °C. Myosin retained its solubility at 0.5 M NaCl even after Ca 2+ -ATPase inactivation. The amount of subfragment-1 generated from the Mf by chymotryptic digestion decreased with decreasing Ca 2+ -ATPase inactivation. The amount of rod produced in the frozen Mf remained at a high level, explaining the high salt solubility of myosin. Actin denaturation occurred in the Mf during freezer storage, as revealed by chymotrypic digestion patterns that showed a decreased actin content in the digest, and occurred much faster than Ca 2+ -ATPase inactivation. Analysis of tilapia meat during freezer storage revealed that Ca 2+ -ATPase inactivation was very slow in the frozen tissue and was ninefold slower at −10 °C than at −20, and −40 °C. Practically no actin denaturation occurred in the frozen meat. Based on these results, we conclude that native actin in frozen meat protects myosin from denaturation during the frozen storage period but that such protection by actin does not extend to Mf due to rapid actin denaturation. Consequently, the Ca 2+ -ATPase inactivation rate in Mf represents that of myosin itself-with no protection provided by actin. Therefore, the myosin denaturation rate obtained with Mf should not be used for frozen meat. Mf subjected to thermal stress [9] . Fukuda et al. studied the effect of freezing temperature on myosin denaturation in freshly stored fish fillet and fish fillet in frozen storage by changing the freezing temperatures and storage temperatures [8] . These authors determined myosin denaturation by measuring Ca 2+ -ATPase activity. Following rigor mortis the myosin in fish muscle forms a very strong complex with actin, leading to the stabilization of myosin. Myosin in Mf is also in a stable state as a consequence of this complex formation with actin in the absence of Mg-ATP. The actin in the Mf is believed to be very stable and that its binding to myosin stabilizes the myosin [11] . Moreover, it has been reported that F-actin from various species of fish and mollusks similarly stabilizes the myosin of various species [12] . Thermostable actin is not resistant to high concentrations of neutral salts, such as 1.5 M KCl or NaCl [13] , and selective actin denaturation by treating Mf with high concentrations of neutral salt at low temperature releases myosin from the denatured actin in Mf [14] .
F-actin denaturation during frozen storage of carp actomyosin dissolved in 0.5 M KCl has been reported [7] , with the highest levels of denaturation occurring at −10 °C. The authors explained this result as being due to the condensation of KCl in unfrozen medium at this temperature. Subsequent studies studying myosin denaturation during frozen storage have exposed the Mf to 0.1 M NaCl (or KCl) at a storage temperature of −20 °C, based on the expectation of no salt condensation. Recently, we found that actin in kuruma prawn Mf denatured very quickly during frozen storage [15] , and a similar actin denaturation was detected with flounder Mf during frozen storage [16] . Chymotryptic digestion was used in both studies to detect actin denaturation in Mf, and in both studies Ca 2+ -ATPase inactivation and actin denaturation proceeded at the same rate.
In the study reported here, we confirmed actin denaturation in frozen stored tilapia Mf and compared its denaturation rate with that of myosin to address the question of whether actin denaturation determines myosin denaturation. As tilapia myosin is one of the most stable fish myosin identified to date [17] , myosin denaturation subsequent to actin denaturation was expected if actin denaturation occurred quickly. To understand the stability of myosin in meat in frozen storage, we also studied actin and myosin denaturation in tilapia meat in frozen storage.
Materials and methods

Mf preparation
Tilapia Oreochromis niloticus with a body length of roughly 10 cm were cultured in the aquarium unit of Hakodate campus, Hokkaido University and used in this study.
Mf was prepared from its dorsal muscle according to Konno and Konno [18] by washing the homogenized muscle with 0.1 M NaCl, 20 mM Tris-HCl (pH 7.5) repeatedly.
Frozen storage of Mf and meat block
Myofibrils were suspended in the above-mentioned medium in test tubes and stored in freezers at −10, −20, and −40 °C, respectively. The Mf concentration used was commonly 2.5 mg Mf/ml medium. Blocks of fish dorsal muscle (each block being about 5 g) were wrapped separately in plastic film and stored in the same freezers at various temperatures. For the analyses, the frozen stored meat blocks were converted into quantitatively determined portions of muscle homogenate [19] . Briefly, chopped meat (1 g) was placed in 50-ml disposable plastic centrifuge tubes and suspended in 40 ml of 0.05 M NaCl, 20 mM Trismaleate (pH 7.0). The mixture was centrifuged at 3000 g for 5 min and the washed minced meat collected. The residue obtained was homogenized in 20 ml of the same medium using a Polytron PT 3100 homogenizer (Kinematica AG, Littau, Switzerland), 4 times for 30 s each time, at 15,000 rpm, following which 20 ml of the same solution was added to the homogenate which was then filtered through a layer of coarse plastic mesh (mesh size 1 mm) to remove connective tissue. The homogenate was handled quantitatively in a similar manner as the Mf.
Indices to detect myosin and actin denaturation in Mf and in meat
Myosin denaturation in Mf and in the muscle homogenate was studied by monitoring changes in Ca
2+
-ATPase activity, salt-soluble myosin content in the presence of 1 mM Mg-ATP, monomeric myosin content as measured by ammonium sulfate fractionation in the presence of 1 mM Mg-ATP, and the amount of S-1 and rod produced by chymotryptic digestion as previously reported [11, 20, 21] . Actin denaturation was determined on the basis of the decreased density of the actin band in the chymotryptic digests. Chymotryptic digestion was performed for 60 min at 20 °C in a digestion medium (0.05 M KCl, 20 mM Tris-maleate, pH 7.0, and 1 mM EDTA) using 1:400 (w/w) chymotrypsin:Mf or homogenate proteins. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was performed as previously reported [22] .
Results
Myosin denaturation in tilapia Mf in frozen storage
Ca
2+
-ATP inactivation has been used as a sensitive index of myosin denaturation [1] and, therefore, we followed -ATPase activity dropping to 61 % of the baseline value in 16 days. These findings confirmed that lowering the frozen storage temperature reduced the myosin denaturation rate. The rate of Ca 2+ -ATPase inactivation in tilapia Mf at −20 °C was much slower than that in flounder Mf [16] and kuruma prawn Mf [15] .
Myosin denaturation in the Mf during frozen storage was further studied by monitoring changes in several properties. As the rate of Ca 2+ -ATPase inactivation at −20 and −40 °C was very slow, we studied the rate and degree of myosin denaturation in the samples stored at −10 °C. The properties monitored were salt-solubility measured in the presence of Mg-ATP, namely, the solubility of myosin in detached form from F-actin, and monomeric myosin content recovered in the supernatant at 40 % saturated ammonium sulfate in the presence of Mg-ATP (Fig. 2a) . Ca 2+ -ATPase inactivation is also shown in Fig. 2a . Salt solubility and monomeric myosin content decreased more slowly than ATPase inactivation, indicating that inactivated myosin in Mf still retained its salt solubility and was not in aggregated form.
As the salt solubility of myosin and Ca
-ATPase inactivation occurred at different rates during frozen storage of Mf, we further studied denaturation of the myosin molecule into S-1 and rod, the regions of ATPase activity and salt solubility, respectively, using chymotryptic digestion technique (Fig. 3) [11] . These digestion conditions are known to favor the cleavage of myosin into S-1 and rod fragments. Control Mf before frozen storage showed a selective cleavage into S-1 and rod as expected (Fig. 3a, 0 min) . Analysis of the digestion patterns of frozen stored Mf at −10 °C revealed a decreased production of S-1 (Fig. 3a) , with the amount of S-1 produced decreasing gradually with increasing duration of storage period; conversely, the amount of rod produced remained kept high throughout the storage period. These results indicate that the S-1 portion of the Mf molecule is damaged during frozen storage but that the rod portion is undamaged irrespective of S-1 denaturation. Most of the rod produced, as well as S-1, was recovered in the supernatant at 40 % saturated ammonium sulfate, suggesting that the myosin tail portion was kept in the monomeric form during the storage period (data not presented). Determination of the amount of S-1 and rod produced (Fig. 2b) showed that the decreases in the amount of S-1 and rod production upon frozen storage were similar to those in ATPase activity and salt-solubility, respectively, with the degree of S-1 denaturation determining remaining ATPase activity and the degree of rod denaturation determining the salt solubility of myosin. Thus, slow rod denaturation explained the high salt solubility of myosin even after Ca 2+ -ATPase inactivation.
Actin denaturation in frozen stored tilapia Mf
The chymotryptic digestion of frozen Mf stored at −10 °C also provided information on actin denaturation (Fig. 3a) . Prior to frozen storage, actin in Mf was resistant to chymotryptic digestion, and actin content in the chymotryptic digest of fresh Mf was similar to that in intact Mf. However, actin content in the chymotryptic digest of frozen Mf stored at −10 °C decreased significantly, indicating that the majority of actin molecules in Mf were degraded into much shorter fragments by the digestion (Fig. 3a) . Frozen storage of Mf for only 2 days resulted in a significant reduction of the remaining actin content in the digest; this rate of decrease was much more rapid that the gradual decrease in S-1 amount observed during frozen storage of Mf. These findings demonstrated that actin denaturation preceded S-1 degradation in frozen stored Mf. The remaining actin (Fig. 2b) . Storage for 2 days decreased actin content to 25 % of baseline, while the amount of S-1 produced was as high as 92 % of baseline.
Given this quick actin denaturation in Mf at −10 °C, we examined the effect of storage temperature on actin denaturation by lowering the temperature to −20 and −40 °C. The results of these experiments are shown in Fig. 3b, c . Lowering the storage temperature did not prevent actin denaturation in any significant extent, although actin denaturation at −40 °C appeared to be a little slower than that at −10 °C (Fig. 3a, c) . In this experiment, Mf was suspended in 0.1 M NaCl-not 0.6 M NaCl-and the storage temperature was set at −20 and −40 °C, but actin denaturation was still observed, thereby eliminating salt condensation as the reason for actin denaturation in frozen stored Mf. Actin denaturation has been found in kuruma prawn [15] and flounder Mf [16] at −20 °C, but the actin denaturation observed in our study with tilapia Mf clearly differed from that in the form two Mf samples, with actin denaturation being much faster than myosin denaturation. Specifically, in prawn and flounder Mf, myosin denaturation, as studied by Ca 2+ -ATPase inactivation, and actin denaturation proceeded at the same rate.
Myosin and actin denaturation in frozen stored tilapia muscle
Having determined that actin denaturation precedes myosin denaturation in frozen stored Mf at 0.1 M NaCl, we then looked at whether actin is denatured in tilapia meat during freezer storage. Small blocks of tilapia meat (approx. 5 g) wrapped in plastic film were stored in the same freezer as used for storage of the Mf at −10, −20, and −40 °C for up to 170 days. Myosin and actin denaturation in the frozen meat was studied by using muscle homogenate prepared from the frozen stored meat. Ca 2+ -ATPase inactivation at these temperatures was followed, and the profiles are -ATPase inactivation progressed very slowly during the frozen storage period, and Ca 2+ -ATPase inactivation was temperature dependent, occurring most rapidly at −10 °C (Fig. 4) . As seen in Fig. 4 , myosin inactivation occurred at a much slower rate in tilapia meat than in Mf. For example, frozen storage of Mf at −10 °C for 16 days decreased myosin activity to 60 % of that at baseline; in frozen stored meat the same decrease was found at 110 days. The inactivation rate was calculated to be 2.4 × 10 −2 day −1 for Mf and 4.2 × 10 −3 day −1 for meat, with the myosin in meat being ninefold more stable than that in Mf. This finding demonstrates that any results of studies on myosin denaturation in Mf cannot be applied directly to myosin denaturation in frozen stored meat.
Myosin denaturation in frozen stored meat was also determined by measuring salt solubility and monomeric myosin content (Fig. 5a ). Salt solubility and monomeric myosin content were found to decrease more slowly than Ca 2+ -ATPase inactivation. The relative changes in these three parameters were generally the same in frozen stored meat and frozen stored Mf (see Fig. 2a) .
Myosin denaturation at S-1 and at the rod regions and actin denaturation in frozen meat were studied using chymotryptic digestion. The digestion pattern for the meat before storage and those for meat stored for 170 days at 5 Myosin and actin denaturation in meat during frozen storage at −10 °C. The same homogenates as used in the study shown in Fig. 4 were also used to study myosin and actin denaturation in frozen stored meat. a Changes in Ca 2+ -ATPase activity (circles), salt solubility in 0.5 M NaCl in the presence of 1 mM Mg-ATP (squares), and monomeric myosin content as measured by ammonium sulfate fractionation in the presence of 1 mM Mg-ATP (triangles). b Changes in the amount of S-1 (open circles) and rod (squares) produced from muscle homogenate by chymotryptic digestion and amount of actin content in the digest (closed circles). Other conditions were the same as in Fig. 2 −10, −20, and −40 °C, respectively, were compared and the results are shown in Fig. 6 . In fresh meat, the chymotryptic pattern contained two S-1 and rod bands, and the actin was resistant to chymotryptic digestion (Fig. 6a) . In addition, the relative density of S-1 to rod was the same as for Mf. In meat in frozen storage at −10 °C for 160 days, there was a decreased amount of S-1 relative to that of rod (Fig. 6b) , but the actin was still resistant to chymotryptic digestion. Frozen storage at all temperatures for 170 days did not change actin content in the digest, but there was a decrease in S-1 content in the meat sample stored at −10 °C (Fig. 6b) . (The amounts of S-1, rod, and remaining actin content in the digests of muscle homogenate were estimated and are presented in Fig. 5b .) As shown with frozen stored Mf, rod content decreased more slowly than S-1 content. The slow loss of salt solubility can be explained by the slow rod denaturation, and S-1 denaturation can be explained by Ca 2+ -ATPase inactivation. Thus, the results of the experiments in frozen stored meat were the same as those in frozen stored Mf. There was practically no decrease in remaining actin content during the frozen storage period, indicating that actin denaturation in frozen stored meat was negligible. These results led us to conclude that actin in meat is very stable and that myosin in meat is well stabilized by actin. It would therefore appear that Mf is not the proper experimental material to study myosin denaturation in frozen meat. We also observed that the myosin rod region is resistant to freezing and that it retains its native structure for a long period, thus ensuring retention of the high salt solubility of myosin.
Based on our measurements of several changes in myosin properties, we concluded that Ca 2+ -ATPase inactivation is the most sensitive index to monitor myosin denaturation in frozen stored meat.
Discussion
Myofibrils has been used as a useful material for studying myosin denaturation in fish meat because Mf retain their intact arrangement of myosin and actin filaments as in muscle tissue and the Mf suspension can be handled as a solution. Another advantage to using Mf is that myosin in Mf is quite stable due to its binding with actin. The state of myosin in the Mf forming complex with actin is the same as that in muscle after a complete consumption of ATP, namely, the rigor state. The very stable nature of actin provides this stabilizing effect. Thus, myosin denaturation in Mf or meat is taken to be the same as the stabilized form due to binding with actin. The heating of fish Mf results in practically no detectable actin denaturation [11] . In a series of experiments on actin denaturation in Mf carried out by Wakameda et al. [13, 14, 23] , actin in Mf was selectively denatured by treatments with high concentrations of neutral salts, such as 1.5-2 M KCl or NaCl. Actin denaturation consequently accelerated myosin denaturation due to the loss of actin's protective effect on myosin denaturation. High salt-induced actin denaturation in Mf has also reported under conditions of exposure to actomyosin dissolved in 0.6 M KCl and frozen storage at −10 °C [7] . These authors recommended storage at −20 °C or a reduction in KCl concentration to 0.1 M to reduce actin denaturation. Consequently, the most common frozen storage temperature of fish meat is now approximately −20 °C, and myosin freeze denaturation studies are also conducted at approximately −20 °C on fish meat or on Mf suspended in 0.1 M KCl or NaCl. Mf have been used as the experimental material to quantitatively study the protective effect of organic compounds, such as sugars, organic acid salts, and amino acids, on myosin denaturation [4, 24] .
Takahashi et al. proposed using the chymotryptic digestion method to distinguish myosin denaturation at the head and tail portions [11] . The principle of this method is to detect exposed hydrophobic amino acid residues as a consequence of structural changes in the myosin molecule. The method is applicable to any proteins in the digestion medium. The method has been successfully applied to a myosin denaturation study in frozen stored kuruma prawn Mf where actin in the frozen stored prawn Mf was found to be readily degraded and the remaining actin content in the digest to become barely detectable even when Mf were stored at 0.1 M NaCl [15] . The result clearly demonstrated a rapid denaturation of actin upon frozen storage of the prawn Mf. Actin denaturation was similarly observed when flounder Mf suspended in 0.1 M NaCl was frozen stored [16] . The finding was unexpected because actin in Mf suspended in a low-salt medium is believed to be stable [7] . We also found that myosin denaturation and actin denaturation progressed in parallel during the storage period. The most plausible explanation for this result is that the denatured actin was no longer unable to protect myosin from denaturation and, consequently, myosin denaturation was accelerated. In other words, unstable flounder and kuruma prawn myosin denatured immediately after the loss of protection. To understand the role of actin denaturation in the rapid denaturation of myosin in frozen Mf, we studied tilapia Mf, with the expectation of detecting myosin denaturation following the denaturation of actin because tilapia myosin is one of the most stable of fish myosins. Our observation of a rapid actin denaturation using tilapia Mf upon frozen storage at temperatures ranging from −10 to −40 °C suggested that actin denaturation would be commonly observable event in Mf from all sources. Actin denaturation was not prevented by lowering the storage temperature to −40 °C or by quick freezing in dry-ice acetone (data not shown). Ca 2+ -ATPase inactivation and the decrease in S-1 production in tilapia Mf was much slower than actin denaturation. When Mf was frozen stored at −40 °C, Ca 2+ -ATPase activity remained high for a long period of 160 days after actin denaturation, which occurred within a few days. In other words, the myosin denaturation observed with tilapia Mf is myosin denaturation in the absence of any protection by actin. It is likely that the more unstable flounder and kuruma prawn myosin denatured immediately after detachment from the denatured actin molecule or actin denaturation determined myosin denaturation.
In our study, tilapia meat was stored frozen to study whether actin denaturation in frozen meat occurs in a similar fashion to that in Mf. We found that Ca 2+ -ATPase inactivation progressed much more slowly in frozen meat than in frozen Mf, showing that myosin retains its stability in frozen stored meat. The slow myosin denaturation was explained by the lack of actin denaturation in frozen stored meat, as revealed by chymotryptic digestion. One explanation is that actin prevents myosin in meat from denaturation during frozen storage. The difference in the Ca 2+ -ATPase inactivation rate between Mf and meat was about ninefold, indicating the stabilizing effect of actin on myosin during frozen storage of meat. As the inactivation rates at −20 and −40 °C for Mf and meat were too small to compare, this result is for frozen storage at −10 °C. Although there was a significant difference between Mf and meat during frozen storage in terms of actin denaturation, very slow denaturation occurred at the tail portion of the myosin molecule in both samples, which explains the high salt solubility of myosin.
At present, we have no clear explanation for actin denaturation in Mf during frozen storage. One possibility is the formation of ice crystals in the water of the Mf suspension during freezing, leading to compression of the Mf by ice crystals from the outside which may damage the actin filament in the Mf. Salt condensation may also occur during freezing. Both of these scenarios would lead to actin denaturation. On the other hand, ice crystals may also form within the muscle tissue of frozen meat, although the rigid muscle structure may prevent damage to the Mf structure. Mf can be prepared from frozen fish meat and the Mf prepared in this manner is indistinguishable from those from fresh muscle showing striation on the surface (data not shown). We observed Mf structure after its frozen storage by microscopy. Mf did not show striation on the surface and was aggregated. In conclusion, even though Mf is a convenient material for myosin denaturation studies, we conclude that it cannot be used as a model material for studying myosin denaturation during freezing and that results of such studies obtained with Mf have to be reconsidered.
